A 14-year record of convective-dispersive flow in the unsaturated zone was reconstructed using the difference between the environmental tritium content of rain and of irrigation water. Samples were taken from a 1oess profile in the northern Negev, Israel, in an area where precipitation is 200 mm/winter and irrigation is 650 mm/summer. The difference between the measured tritium profile and the input tritium profile was interpreted in terms of mobile and immobile water domains. The percentage of the total water which is immobile was estimated to be about 40% at the surface and 55% at 8.5 m depth. This leads to the estimate that 8 +__ 1% of the rain and irrigation water percolated downward, with a velocity of 0.66 +__ 0.03 m yr -x and a maximal effective dispersion coefficient of 5 x 10 -xx m 2 s -x. Using these values, we determined the limits of dispersivity (0.5-1.5 mm) and of tortuosity (0.05-0.11) in the medium studied.
INTRODUCTION
The natural steady state concentration of tritium (< 15 tritium units (TU)) in atmospheric moisture has been disturbed ever since 1952 by the enormous amounts of anthropogenic tritium produced by thermonuclear tests. The tritium concentration in northern hemisphere precipitation had increased by about 3 orders of magnitude, at its maximum level of 1963, and has been decreasing slowly ever since [International Atomic Energy Agency (IAEA) , 1971 , 1973 , 1975 , 1979 , 1981 , 1983 Carrni and Gat, 1973; Gat, 1980] . Atmospheric tritium is a useful tracer of rainwater because it is incorporated directly into the water molecule. Tritium has an additional advantage in that it is radioactive with a suitable half-life (12.43 years) and can thus serve as an age indicator. The tritium produced by the atmospheric nuclear tests has been successfully used as a tool to study water movement and to calculate recharge quantities by d6tecting the penetration of the 1963 peak in the soil moisture of the unsaturated zone [Andersen and Sevel, 1974 Great advances have been achieved in laboratory experiments under synthetic conditions. Miscible displacement experiments in columns filled with inert grains have been explained by the convective-dispersive equation [Lapidus and Arnundson, 1952] . Several experiments could not be explained by this model because they showed asymmetrical nonsigmoid (with a "tail") breakthrough curves. Some of them were explained by an anion exclusion process [Bresler, 1973] The main objective of this study is to present a new approach employing the natural tritium profiles to study the mechanism of water transport in the unsaturated zone under irrigated fields. This makes it possible to continue the use of natural tritium as a tracer, in spite of the fact that the major atmospheric pulse has almost disappeared. This method involves measurement of the profile of soil moisture which is created by two sources of water input that differ in their tritium content and which alternate seasonally: rain during the winter with the atmospheric tritium level and irrigation water during the summer having a near zero tritium level. These two sources of water penetrate the soil surface alternately, and create layers of water with different tritium composition, along the soil column. This methodology enables seasonal resolution in the unsaturated zone, as shown in profiles of oxygen-18 and deuterium [Bath et al., 1982] . In this study we also attempt to estimate the amount of immobile water and the influence of the exchange process between the water molecules and the hydroxyl groups of clay minerals. This approach makes it possible to determine some water flow parameters in the unsaturated zone under natural conditions, e.g., water flow rate, hydrodynamic dispersion coefficient, dispersivity and tortuos- ity of the medium, and evapotranspiration percentage from the total input amount. This "layering method" is obviously restricted to irrigated areas. However, it has the advantage of determining under natural undisturbed conditions, parameters which are usually determined by only laboratory experiments. [Ginzbourg, 1979] . Some properties of the profile material are presented in Table 1 .
MATERIALS AND METHODS

The
The samples were collected at the end of the winter (on 30-III-83) when irrigation had not yet begun, and so the upper layer of the soil contained rainwater. The samples were collected to a depth of 10.5 m along a freshly exposed vertical profile of the unsaturated zone beneath a vineyard. Fresh material was sampled after removing the outer 50 cm of the wall in order to eliminate the effect of exchange with the atmospheric moisture. Two kilograms of material was sampled throughout every 20-to 25-cm intervals, sealed in the field and stored in a dry ice box to eliminate pore water contamination or evaporation. In the field an aliquot from every sample was packed in a preweighed glass bottle. Water content of the soil moisture was calculated by weighing the filled bottles before and after drying at 105øC. About 1.5 kg from each sample was packed in a vacuum distillation system and the water was extracted. The amount of each sample was large enough to assure that the extracted water represents an average of each sediment layer. The efficiency of the extraction was 98 _ 1%. The distilled soil water was stored in glass bottle. The tritium was enriched using an electrolysis system [Cameron, 1967; Taylor, 1981 ations in tritium content along the unsaturated profile can be seen in Figure la . These variations have a fairly regular pattern, which appears to represent an alternating input of water sources which penetrated the land surface. The layers with a high tritium content represent winter rains, whereas the layers with a low tritium content represent irrigation water (pumped groundwater). This pattern of alternate layers with high and low tritium concentration, corresponding to the two types of input water, continues down to a depth of 8.5 m.
The peaks of the tritium on the graph, which represent rainwater, have two characteristics which are of interest: (1) the width of the peak, which is determined by the net amount of rain which percolated beneath the root zone after the evapotranspiration and (2) the height of the peak, which is determined by the concentration of tritium in the corresponding precipitation and by some other processes which change the input concentration (e.g., radioactive decay, mixing with low tritium content layers above and below, and exchange with immobile water and solid phase).
Since the sampling was at 20-to 25-cm intervals, it was not necessarily in phase with the summer and winter water layers. In addition, there is an isotopic exchange between the hydroxyl groups of the clay minerals and the water absorbed in them [Halevy, 1964; Stewart, 1967 ]. This process is more important in kaolinite minerals which have available hydroxyl groups at platelet surfaces. In contrast, montmorillonite and illite minerals undergo exchange only at the edges of the plates (where the hydroxyl groups are available) and thus exchange is almost negligible. The loessial sediments contain about 30% clays, and the kaolinite fraction is about 30% of the clays (Table 1) . By considering the molecular composition of the various clay minerals, and the sediment composition, it can be concluded that 2-3% of the Omer loess profile consists of exchangeable hydroxyl groups. In other words, 2-3% of the solid phase is really exchangeable water. The tritium in the immobile water domain and the clay mineral hydroxyl groups interact with each other.
Demonstration of the presence of tritium in the solid phase in the upper part of our profile was provided by a qualitative experiment. Omer well water has a tritium concentration of 0.7 ___ 0.3 TU. But when shaken with oven-dried soil (at 110øC), its tritium concentration increased to 6.2 q-0.4 TU. This can be explained only by exchange with the hydroxyl groups of the clay minerals.
Considering the two water domains and the exchangeable hydroxyl groups, one can explain the two discrepancies along the measured tritium profile discussed above. The immobile water in the upper part of the profile (4 m) probably has a memory of the large atmospheric tritium pulse (Table 2) is immobile must be 40 + 5%. It can not be less than 35%, because this would imply that the immobile water has more than 50 TU which is too high. On the other hand, it can not be more than 45%, because this would cause smoothing of the tritium curve, and the amplitude between the "summer" and the "winter" segments would be unexplainable. The gravimetric water content in the upper part of the profile is 12.5%, and thus, 5.0% is immobile and 7.5% is mobile (Table 4, Figure 3) .
The water velocity along the profile is relatively constant (Table 3) 
Determination of the Effective Dispersion
The peaks of tritium along the profile are detected down to 8.5 m. This means that the transport of water through the unsaturated zone of the loess profile has relatively small dispersion, allowing peak separation for 13 years. This long record enables us to calculate the effective dispersion coefficient in loess deposits, under field conditions. Hypothetical tritium profiles were calculated for three different assumed values of hydrodynamic dispersion coefficients (Figure 4) . Each yearly tritium pulse was calculated according to its mass (Table 2) (Figures 4a and 4b) .
The third hydrodynamic dispersion coefficient (Figure 4c ) was calculated without the terms for exchange between the two domains, and thus, its tritium values are larger than the real mobile tritium profile (Figure 3a) . Theoretically, if there was no immobile domain and exchange between the two domains was not taking place, the expected tritium peaks should have had large amplitudes with clearer separation peaks, which means that the calculated hydrodynamic dispersion coefficient is an upper limit. However, the calculated hydrodynamic dispersion coefficient (5 x 10-TM m 2 s-•) is equivalent to the effective dispersion coefficient which includes the dispersion component caused by the exchange process.
Dispersivity and Tortuosity
A good approximation for the magnitude of effective grain diameter in porous media can be obtained by the equation: Dh = l/A, where Dh is the hydrodynamic dispersion coefficient, V is the mean velocity, and A is the dispersivity, which is a medium-length character [Bear, 1972] . When adopting the conceptual representation of the pore space as a "bundle of capillary tubes" [Bear and Bachmat, 1967] , the dispersivity A describes the average length of the tubes between two junctions or, in other words, the mean effective grain size. In our case, the mean velocity is 0.66 m yr-•, and the dispersion coefficient is 5 x 10-• • m 2 s-•, thus A is 2.3 mm.
In fact, hydrodynamic dispersion in porous media includes two basic elements: mechanical dispersion, which is the product of velocity and dispersivity and molecular diffusion. The hydrodynamic dispersion is defined by the equation [Bear, 1972] D Much information exists today about the physical character of water in porous media, and theoretical explanations have been developed by means of many laboratory experiments. However, sophisticated field measurements are necessary in order to understand the complex phenomena associated with solute transport in natural systems, in a way that will allow for a general quantitative approach. We think that measurements of similar nature will be a step toward achieving this goal because they provide the ability to reconstruct a long (3) record of dispersive movement and interactions between the mobile and the immobile domains.
The maximal dispersivity can be as high as 2.3 mm, if diffusion is neglected, whereas the maximal tortuosity can be as high as 0.14, if mechanical dispersion is neglected. We estimate the effective grain size to range between 0.5 and 1.5 mm. Using equation (3), the tortuosity estimates range between 0.05 and 0.11.
In fact, the total dispersion in our case is effected by one more component: exchange with the immobile domain. Thus, these values are the upper limits for A and T-• The order of magnitude of the effective grain size corresponds to our calculated dispersivity, as is generally found in laboratory studies but not in field studies. The dispersivity estimates obtained in field experiments (as reviewed by Pickens and Grisak [1981] ) vary from tens of meters to tens of centimeters, and were explained by the "scale dependence" or "time dependence," resulting from spatial heterogeneity.
The laboratory scale dispersion observed in this investigation is due to the fact that the investigation was on the scale of laboratory experiments and the medium was relatively homogeneous.
